Objective: Postnatal increase in oxygen promotes constriction of the patent ductus arteriosus (PDA). According to the findings of prospective observational studies, the clinical practice of targeting lower fractional oxygen saturation between 70 and 90% has been associated with a reduced incidence of severe retinopathy of prematurity (ROP) without affecting survival or neurodevelopmental disability at 1 year of age. Our objective was to investigate the impact of the use of a lower oxygen saturation target range on the incidence of early hemodynamically significant PDA (hsPDA) and the need for ductal ligation in extremely low birth weight (ELBW, <1000 g) infants.
Introduction
The reported incidence of a symptomatic patent ductus arteriosus (PDA) ranges from 55 to 70% in extremely low birth weight (ELBW; birth weight (BW) <1000 g) infants.
1,2 PDA has been associated with increased mortality and morbidity in preterm infants in general and in ELBW neonates in particular. [3] [4] [5] [6] [7] The mechanisms involved in the natural closure of the ductus arteriosus (DA) are complex. 8 Although the balance between vasoconstrictive and vasodilatory factors in utero favors patency of the DA, a cascade of events leads to constriction and final closure of the DA after birth. Among these factors, changes in oxygen tension play a pivotal role both in the functional and anatomical closure of the DA. 9 The postpartum increase in blood oxygen tension initiates a sequence of events leading to ductal constriction (functional closure). Following constriction of the DA, the ensuing hypoxia within the vessel wall initiates a process resulting in permanent (anatomical) ductal closure. This process is developmentally regulated and is attenuated and prolonged in the ELBW infant population.
The optimal arterial oxygen saturation minimizing potential oxygen toxicity in infants born preterm is not known. Oxygen saturation targets vary widely among different centers. In the year 2002, our program implemented lower oxygen saturation limits (83 to 89%) for ELBW neonates requiring oxygen compared with the clinical practice before 2002 when higher oxygen saturation targets were used (89 to 94%). This change in practice was implemented in an attempt to decrease the incidence of severe retinopathy of prematurity (ROP). 10, 11 However, the effect of lowering the oxygen saturation target range on the incidence, and course of PDA in this patient population has not been evaluated systematically. The decrease in oxygen saturations may directly and, through independent hemodynamic effects, indirectly affect the incidence of PDA and/or its response to medical treatment. 12, 13 Therefore, in this study we sought to compare the incidence of early hemodynamically significant PDA (hsPDA) and the need for surgical ligation in ELBW infants before and after implementation of the lower oxygen saturation limits in our program.
Methods
We analyzed the data collected from a large number of ELBW infants managed using two different oxygen saturation limits before and after 2002. The institutional review boards approved the study and informed consent was waived. The study population comprised of ELBW infants born at two hospitals: Women's and Children's Hospital (WCH) of the LAC þ USC Medical Center and Good Samaritan Hospital (GSH), Los Angeles, California. Medical care was provided by the same group of neonatologists at both hospitals during the study period. In an attempt to reduce the incidence of severe ROP, in year 2002, a lower oxygen saturation limit (83 to 89%) was introduced and implemented in these neonatal intensive care units for preterm infants with a BW <1000 g. Before 2002, patients were managed with an oxygen saturation target range of 89 to 94% if supplemental oxygen was needed. Infants with a BW of 1000 to 1500 g were managed with the same oxygen saturation target (89 to 94%) during both episodes. The protocols during both time periods called for an increase in the target oxygen saturation range to 90 to 94% after 33 weeks postmenstrual age. Extensive in-service education and the rationale for accepting lower oxygen saturations were given to the faculty and neonatal intensive care unit staff. They were also given instructions as to how to adjust FiO 2 to keep oxygen saturations in the desired range. Other than implementation of lower oxygen saturation target for ELBW infants, no significant changes in practice occurred between the two episodes.
In this study, our hypothesis was that targeting lower oxygen saturations will have no effect on the incidence of hsPDA or the need for ductal ligation. All ELBW infants born 4 years before (episode I; 1998 to 2001) and after (episode II; 2003 to 2006) the implementation of lower oxygen saturation who survived to discharge were included in this study. We excluded babies born in the transitional year of 2002. In addition, babies born at <23 0/7 weeks gestational age (GA) were excluded. As infants with a BW of 1000 to 1500 g were not affected by the change in oxygen saturation target, they served as the control group. It has been our clinical practice to assess the status of the DA by echocardiogram within the first 24 h of age. The echocardiography studies were then repeated serially in all ELBW infants until closure of the DA was documented. Echocardiograms were obtained using a 12 MHz transducer (Phillips, Andover, MA, USA, SONOS 5500), through a high parasternal window, optimized to visualize the ductus in its entire length. The DA was categorized as closed, insignificant or hemodynamically significant (hsPDA). Our visual assessment was confirmed by measurement of the ductal diameter at its narrowest dimension highlighted by color flow Doppler to the 10th of a mm. In infants in both the study and control groups, ductal size p1 mm was considered as insignificant and was followed with serial echocardiograms every 3 to 5 days to document closure. hsPDA was defined as ductal diameter >1 mm with a left to right shunt. For purpose of this study, if the DA was initially closed or insignificant but on a subsequent echocardiogram was found to be >1 mm with a left to right shunt, it was considered as hsPDA. All patients with an hsPDA were treated with indomethacin with a dose of 0.1 mg kg À1 per dose given every 24 h for three doses. A second or third indomethacin course was given in infants not responding to the first course of indomethacin using the same dosage schedule with serial echocardiograms performed to assess the ductal response to treatment. If the ductus remained patent or there were contraindications to using indomethacin, the hsPDA was closed by surgical ligation at the bedside in the neonatal intensive care unit. In this study, we only report on change in the incidence of hsPDA without further reference to insignificant PDAs.
In addition to the data directly pertinent to the DA, we also collected detailed information on maternal and neonatal characteristics, procedures performed, days on mechanical ventilation, length of hospital stay and diagnoses including but not limited to bronchopulmonary dysplasia defined as oxygen requirement at 36 weeks' postmenstrual age, ROP, intraventricular hemorrhage and necrotizing enterocolitis (Bell stage XII).
Statistics
Gestational age and BW between the two groups were compared using two-tailed t-test. A nonparametric test (Mann-Whitney) was used to compare data with non-Gaussian distribution. Binomial parameters between the two groups were compared with w 2 . Univariate and multivariate logistic regression models were used to calculate the odds of hsPDA and the need for ligation after adjusting for possible confounders. P<0.05 was considered statistically significant. Variables with a P-value <0.1 in the univariate logistic regression analysis were used as potential confounders in multivariate logistic regression models.
Results
There were a total of 356 ELBW infants admitted during the 8 years of the study period. Infants who were transferred out (n ¼ 30) or did not survive to discharge (n ¼ 63) were excluded. The mortality There was a significant reduction in ROPXstage III and the need for laser ablation in episode II when lower oxygen saturations were targeted (Table 2) . Despite a decrease in days on mechanical ventilation in the episode II, the incidence of bronchopulmonary dysplasia remained unchanged. Similarly, there were no differences in the incidence of necrotizing enterocolitis (Xstage II), intraventricular hemorrhage (Xgrade III) or length of stay during the study periods.
The control group (infants with a BW between 1000 and 1500 g born during episodes I and II) comprised of 374 patients (Table 5 ). There was no change in the incidence of hsPDA (34.8 vs 40.1%, P ¼ 0.3) and ductal ligation (3.7 vs 3.2%, P ¼ 0.8). In univariate logistic regression, the odds of having an hsPDA were significantly affected by GA, antenatal steroid administration, Apgar score at 5 min, small for GA and respiratory distress syndrome but not by the episode (Table 6 ). Abbreviations: BW, body weight; CI, confidence interval; GA, gestational age; hsPDA, hemodynamically significant postmenstrual age; OR, odds ratio; RDS, respiratory distress syndrome; SGA, small for gestational age. Being born in episode II and RDS increased the odds while higher GA and being SGA decreased the odds of having a hsPDA. Higher GA, male gender and being SGA decreased the odds of having a PDA ligation.
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Discussion
Acceptance of a lower oxygen saturation limits exposes preterm infants to a lower arterial partial pressure of oxygen (PaO 2 ). The median PaO 2 is 54 and 91 mm Hg, when oxygen saturation is 85 to 93% and >93%, respectively. 12 At saturations of 85 and 95%, mean PaO 2 values have been documented to be around 40 and 54 mm Hg, respectively.
14 These findings are important, as postnatal increase in oxygen tension has a critical role in the initial constriction of the DA. This initial constriction is a prerequisite for the hypoxia generated in the media of the vessel wall which, in turn, results in a cascade of events leading to permanent (anatomical) closure of the ductus. 8, 9 The minimum PaO 2 needed to trigger initial ductal constriction in preterm infants is not known. However, the role of relative hypoxemia in ductal closure has long been recognized as several studies have found that the incidence of PDA is higher in high altitude where PaO 2 in the air is lower than at sea level. [15] [16] [17] However, to our knowledge, this is the first report on the effects of lower oxygen saturation limits on the incidence and closure of the PDA. In this study, we found that by targeting arterial oxygen saturation in the 83 to 89% range, the incidence of PDA but not the need for ductal ligation was increased. These findings suggest that the lower saturation range used in our protocol may overlap with the lower PaO 2 threshold needed to effectively constrict the DA. However, oxygen saturations in the range of 83 to 89% do not appear to impact the response of the DA to pharmacological closure as the rate of surgical ligation remained unchanged.
Several factors affect the incidence of PDA in preterm neonates including GA, 1 intrauterine growth restriction, 18 antenatal steroids, 19, 20 low Apgar scores 21 and the presence of respiratory distress syndrome. 22 When adjusted for these factors using univariate and multivariate logistic regression, the odds of having an hsPDA remained higher with the low oxygen saturation limits. However, the odds of surgical ligation were not significantly increased. Therefore, compared with episode I, more infants in episode II were exposed to indomethacin.
Consistent with what has been reported in the literature, 10, 11, 23, 24 we have found a dramatic reduction in the incidence of severe ROP and the need for laser therapy. This reduction in ROP is likely due to a decrease in retinal exposure to higher oxygen. Suppression of retinal vascular endothelial growth factor production by hyperoxia during early postnatal life and its subsequent upregulation due to local tissue hypoxia later on have been implicated in pathogenesis of ROP. 25 Therefore, lower oxygen saturation limits may reduce severe ROP by diminishing retinal vascular endothelial growth factor suppression. 11, 25 There are several limitations to our study. Although we adjusted for known confounding factors affecting the incidence of hsPDA, given the retrospective nature of the study we cannot rule out other factors that might have impacted the incidence of hsPDA or its surgical ligation. However, the unchanged incidence of hsPDA in the control group not exposed to lower oxygen saturation limits (that is, the infants with a BW between 1000 and 1500 g) supports the implication of the lower oxygen saturation target range in the observed increase in the incidence of hsPDA in the ELBW infants. Another limitation of our study is that despite the change in oxygen saturation guidelines, we cannot be certain that babies in fact were kept in the desired range. However, the finding that the rate of ROP significantly decreased without introducing other changes likely to affect the incidence of ROP during the study period supports the notion that the guidelines targeting the lower oxygen saturation range were indeed followed. Finally, as hsPDA was diagnosed early in the hospital course with echocardiography, our findings may not apply to situations where hsPDA is diagnosed and treated only when it becomes clinically symptomatic.
In summary, acceptance of a lower saturation limit as described in this study reduced the incidence of severe ROP but increased the Abbreviations: BW, body weight; CI, confidence interval; GA, gestational age; hsPDA, hemodynamically significant postmenstrual age; OR, odds ratio; RDS, respiratory distress syndrome; SGA, small for gestational age. Higher GA, antenatal steroid, higher Apgar score at 5 min and being SGA decreased the odds while RDS increased the odds of having an hsPDA.
Effects of low oxygen saturation limit on PDA S Noori et al incidence of early hsPDA. However, the response to medical treatment with indomethacin or the need for ductal ligation was unaffected. Finally, the implication of the higher rate of indomethacin exposure of ELBW infants on short-and long-term outcomes is unclear and needs to be considered when weighing the benefits and risks of targeting a lower oxygen saturation range.
